Phenotypic plasticity and evolution
Variation among organisms is manifested in the tremendous amount of growth forms found in nature. Species living in particular environments often display specific growth characteristics which in many cases, become fixed genetically as they confer an advantage in a given habitat. However, phenotypic plasticity, that is, the ability of a genotype to generate different phenotypes in response to varying environmental conditions (Pfennig et al., 2010) , also plays a major role in shaping organisms (West-Eberhard, 2003) . Phenotypic plasticity is a highly relevant concept in ecology and evolutionary biology because it allows organisms to react quickly to changing environmental conditions (Sommer and Ogawa, 2011; West-Eberhard, 2003) . Models of population divergence often support the idea that the capacity for phenotypic plasticity relies on genetic factors (Price et al., 2003) . It is assumed that high levels of plasticity normally prevent genetic selection because organisms can reach optimal fitness easily by modifying their phenotype without the need for genetic change. However, there could be a trade-off between plasticity and best performance in specific environments. Hence, the adaptive plasticity concept argues for the evolution of plasticity itself maximizing fitness, especially in variable environments (Dudley and Schmitt, 1996) . For example, phenotypic plasticity allows rapid colonization of new habitats. In this case, initial success results purely from phenotypic changes. Often, this is later translated into genetic differences due to the loss of selection pressure on plasticity itself, a process known as genetic assimilation (Henry et al., 2006; Price et al., 2003) . Thus, for a single species living in a range of ecosystems, individual populations might exhibit very different phenotypes 0925-4773 Ó 2012 Elsevier Ireland Ltd. http://dx.doi.org/10.1016/j.mod.2012.05.011 optimized for each discrete environmental regime. Whether these differences are due to phenotypic plasticity or genetic variation is at first sight elusive (Henry et al., 2006) .
The concept of phenotypic plasticity was first postulated based on the adaptation of Drosophila melanogaster to heatshock treatments (Waddington, 1953) , and has been illustrated in, for example, generalist herbivores locally adapted to different host plants (Funk et al., 2002; Simon et al., 2003) . Although these and other examples have highlighted some aspects of phenotypic plasticity leading to the genetic fixation of phenotypes, our knowledge of the impact of phenotypic plasticity on evolution and the trade-off between phenotypic plasticity and the costs of maintaining the flexibility of developmental programs is still scarce. In this review, we describe the regulation of secondary meristems of plants and the resulting variability in plant architecture in terms of using it as an experimental system to address aspects of the role of developmental plasticity in promoting evolutionary innovation.
2.
Secondary meristems of plants as a model for studying the role of phenotypic plasticity during evolution 2.1.
Experimental systems for studying phenotypic plasticity
One of the major questions concerning the interplay between phenotypic plasticity and the evolution of organisms is whether genetic fixation of plastic traits is a mechanism commonly used to couple environmental input with genetic information. Sommer and Ogawa (2011) , argue that a number of requirements must be fulfilled for a successful case study. First, detailed knowledge of the developmental process under study, especially at the genetic level, should be available, such that variation in molecular mechanisms controlling a particular trait can be investigated. Second, phenotypic variation among populations, or variability between closely related species, for the trait under investigation should exist. Third, knowledge of the phylogenetic framework of the individuals or populations investigated must be robust enough to support the directionality of evolutionary change.
2.2.
Secondary meristems shape the plant Plants, in particular the model plant Arabidopsis thaliana, fulfill the above mentioned requirements. A classical attempt to describe the organization of the body of higher plants, including Arabidopsis, relies on the concept of phytomers. A phytomer is a repetitive unit that consists of a leaf, a leaf attachment site including an axillary bud (nodium) and an associated piece of stem (internodium) (Gaudichaud, 1841; Gray, 1849) . The variation of plant shoot morphology between most, if not all, higher plant species can be understood by considering it as the phylogenetic and ontogenetic modification of this fundamental unit.
Being sessile, plants have to be especially equipped to translate environmental cues into developmental responses. For example, this is reflected in the fact that, in contrast to animals, fully developed plant embryos consist only of the basic body plan (Leyser, 2009) , providing the possibility of adjusting growth to local conditions at later growth stages. The basis for such plasticity are two stem cell niches (the primary shoot and root apical meristems) located at opposite poles of the embryo, which are connected by rudimentary stem and root tissues (Wolters and Jurgens, 2009 ). These meristems usually remain active during the entire life cycle and give rise to all plant organs, which are generated post-embryonically. Furthermore, as plants grow, new growth axes need to be established to extend the plant body in a manner compatible with the environment. This is achieved by establishing secondary apical meristems that can produce new axes of growth and harbor the same developmental potential as the primary meristems from which they were originally derived (De Smet et al., 2006; Leyser, 2009 ). In the aerial parts of higher plants, axillary meristems (AMs) are responsible for the production of new shoot axes, namely branches, from leaf axils (Leyser, 2009) . Another growth process that plants use to extend and modify their body structure is lateral growth of stems and roots, which is mediated predominantly by lateral meristems, especially the vascular cambium (Elo et al., 2009 ). The coordinated activity of all meristems, as well as the integration of information from the environment, is crucial to the reproductive success of plants. Secondary meristems are fundamental to this success because they facilitate alteration of plant architecture and morphology at any point during the life cycle. In the next sections, we discuss the following questions: What is the genetic basis of secondary meristem regulation and how are environmental inputs integrated? Is there coordination of the regulation of different types of secondary meristems? To what extent does the differential activity of secondary meristems contribute to the establishment of different plant growth forms? Here, we summarize knowledge of the regulation of AMs and the vascular cambium in the shoot, and discuss the potential of secondary meristems to serve as a model for addressing the role of phenotypic plasticity, in this case morphological plasticity, during evolution.
3.
Axillary bud formation and outgrowth
Branching shapes the plant
In general, AMs are formed in the axil of each leaf, and often initiate a few new leaf primordia before arresting their growth to form a dormant axillary bud . This bud may either remain dormant or become activated to give rise to an axillary branch. Each branch provides new axes of growth by hosting more axillary meristems, which potentially produce higher-order branches. Under natural conditions, the environment plays a key role in regulating bud outgrowth, making it a highly plastic process that modulates plant architecture (Aguilar-Martinez et al., 2007; Doust, 2007b) . For example, shading inhibits branching, while high nutrient availability promotes it ( Fig. 1) (Kebrom, 2007; McSteen, 2009 ). This phenomenon is well illustrated in environments of high plant density, where light and nutrient competition is very strong, usually resulting in reduced branching (Doust, 2007a,b) . Detailed knowledge on AM forma-tion at the molecular level (Busch et al., 2011; Greb et al., 2003; Komatsu et al., 2001; Muller et al., 2006; Schmitz et al., 2002) allowed researchers to determine that the contribution of AM formation to phenotypic plasticity seems to be minor (Ehrenreich et al., 2007) . Indeed, current opinion holds that the plasticity observed in shoot branching is mostly a consequence of differential AM activity and not formation (Leyser, 2009 ).
3.2.
Auxin -An essential regulator of branching A process fundamental to the control of axillary bud activity is apical dominance. It has long been known that the main shoot apex suppresses the outgrowth of axillary buds (Snow, 1929) and thus, apical dominance is relevant in the definition of plant architecture. Indeed, the expression of a particular growth form is linked to the degree of apical dominance. For example, some species carry a dominant primary stem, while in other species lateral branches grow similarly vigorously as the main stem and sometimes even overgrow it. These two branching habits are called excurrent and decurrent, respectively, and can easily be associated to various annual species. However, a clear distinction is not always straightforward in woody perennials, where a number of other factors like age, vigor, dormancy, nutrients availability or the presence/absence of terminal inflorescence need to be considered, as they modify the pattern of growth of individual tree branches (Brown et al., 1967) .
The auxin indole 3-acetic acid (IAA) is essential for apical dominance. It is produced in the shoot apex and transported along the shoot, where it inhibits bud outgrowth (Snow, 1929; Thimann and Skoog, 1933) . However, auxin does not act directly in the bud, but rather acts in the stem as, for example, it does not travel into the dormant bud Prasad, 1993) . Therefore, the existence of a second messenger has been postulated (Cline, 1991) . Interestingly, it was demonstrated that a secondary messenger moving upwards from the root (probably in the transpiration stream) was needed for bud activation Snow, 1929 Snow, , 1935 but its nature has long remained elusive. Significantly in our context, plants alter auxin transport (and therefore auxin distribution) in response to environmental triggers by modifying the subcellular localization of auxin efflux-carriers of the PIN protein family. One such example is the response to shade (Keuskamp et al., 2010; Laxmi et al., 2008) . Another, more prominent, example is auxin redistribution during phototropism -a response causing plants to grow towards the light by auxin-induced differ- ential growth of two opposite stem sides (Whippo and Hangarter, 2006) . Similarly, roots grow towards the gravity vector while the shoot grows against it. This response is called gravitropism and likewise involves differential growth of different root and stem sides induced by auxin redistribution (Tan et al., 2011) . Collectively, these phenomena serve to demonstrate that plants are able to translate environmental input into changes in auxin transport and ultimately, into changes in auxin signaling. Whether the modulation of auxin transport is the main target of environmental cues in the context of apical dominance remains to be analyzed.
3.3.
Cytokinins promote branching
Cytokinins, another class of plant hormones, promote branching (Cline, 1991) . Although they can also be synthesized in specific sites of the aerial part, cytokinins are mostly synthesized in the root and transported upwards along the xylem (Chen et al., 1985) . Cytokinin levels seem to be regulated negatively by auxin and increase after shoot decapitation (Shimizu-Sato et al., 2009 ). Interestingly, cytokinin levels are also affected by the environment, for example, nutrient availability, with nitrogen inducing cytokinin production and in turn, cytokinins regulating nitrate uptake (Krouk et al., 2011) . Thus, cytokinin biosynthesis and signaling are further targets for connecting environmental input with endogenous developmental programs.
Strigolactones -the long-sought branching hormones
Recent studies have demonstrated that strigolactones (SLs) -a carotenoid-derived group of hormones -play a pivotal role in the inhibition of shoot branching, thereby closing long-existing gaps in the understanding of the regulation of branching, especially concerning the nature of the longsought second messenger (Gomez-Roldan et al., 2008; Umehara et al., 2008) . The integration of SLs into the regulatory network, however, is currently under debate. One hypothesis is that SLs act downstream of auxin in the control of shoot branching. This idea is based on the observation that direct application of SLs onto growing buds reduced their growth but did not seem to affect auxin transport from the bud Dun et al., 2009 ). This suggests that the effect of SLs is independent of the regulation of stem auxin content . Another indication that SLs act downstream of auxin is that auxin positively regulates the expression of SL biosynthesis genes (Bainbridge et al., 2005; Foo et al., 2005; Hayward et al., 2009; Sorefan et al., 2003) . However, these and other observations also support the auxin transport hypothesis (Bennett et al., 2006) . According to this hypothesis, SLs negatively regulate auxin transport in the main stem, and inhibit bud outgrowth by preventing axillary buds from establishing their own polar auxin transport (PAT) stream into the stem (Bennett et al., 2006; Domagalska and Leyser, 2011) . Consistently, mutants impaired in SL biosynthesis or signaling display enhanced levels of the auxin exporters PIN1 and PIN3, and SL application reduces PIN protein levels (Bennett et al., 2006; Crawford et al., 2010; Ruyter-Spira et al., 2011 ).
Until recently, four genes defined the SL biosynthesis and signaling pathway, namely MORE AXILLARY BRANCHES 1 (MAX1), MAX2, MAX3 and MAX4. These genes were discovered in Arabidopsis (Booker et al., 2004 (Booker et al., , 2005 Sorefan et al., 2003; Stirnberg et al., 2007) , and homologues were characterized in pea (Beveridge et al., 1994) , petunia (Napoli, 1996) , tomato (Vogel et al., 2010) and rice (Ishikawa et al., 2005) . Several lines of evidence suggest that SLs are derived from carotenoids (Matusova et al., 2005) . Carotenoid biosynthesis in plants provides ß-carotenoid in all-trans configuration (DellaPenna and Pogson, 2006) . A recent study revealed that 9-cis-ß-carotene is the substrate for MAX3 (CAROTEN-OID CLEAVAGE DIOXIGENASE 7/CCD7) and that D27, a protein first discovered in rice and already suggested to be involved in SL biosynthesis, is an isomerase that converts all-trans-ß-carotene into 9-cis-ß-carotene (Alder et al., 2012) . In the same study, the authors conclude that MAX3 converts 9-cis-ß-carotene into 9-cis-ß-apo-10 0 -carotenal, which is used as a substrate by MAX4 (CCD8) to produce carlactone, an intermediate compound with strigolactonelike biological activities. The MAX1 gene encodes a member of the cytochrome P450 family and also plays a role in the SL biosynthesis pathway (Booker et al., 2005) . So far, max1 mutants have not been described in species other than Arabidopsis. The max2 mutant is insensitive to SL application regarding apical dominance, suggesting that MAX2 functions as a receptor for SLs or an unknown downstream product (Booker et al., 2005; Gomez-Roldan et al., 2008; Umehara et al., 2008) . MAX2 and its orthologs in pea (RMS4) and rice (D3), encode nuclear leucine-rich repeat Fbox proteins Ishikawa et al., 2005; Johnson et al., 2006; Stirnberg et al., 2002) . However, MAX2 is not specific for SL signaling, because in Arabidopsis it is also required for mediating the response to karrikins. Karrikins are compounds derived from burnt vegetation that stimulate seed germination (Nelson et al., 2011) . Light on this issue was shed recently when homologs of DWARF14 (D14), an SL signaling component originally discovered in rice (Arite et al., 2009) were analyzed in Arabidopsis. The analysis resulted in the concept that two paralogous genes, AtD14 and AtD14-like (KIN2) act as SL and karrikin receptors, respectively, which bind individually to MAX2 after binding of the respective ligand and, thereby, permit the separation of karrikin and SL signaling (Waters et al., 2012) . Also recently, the Petunia hybrida ABC transporter PDR1 was proposed to be an SL transporter (Kretzschmar et al., 2012 ). This conclusion was based on the observation that the roots of the petunia pdr1 mutant are defective in SL exudation whereas the internal concentration is not affected. Complementarily, overexpression of petunia PDR1 in Arabidopsis confers more tolerance to synthetic SL, indicating a role for PDR1 in SL exudation. The conservation of the SL signaling pathway and its function in mediating apical dominance in a broad range of species argues for an ancient and fundamental role in plant growth regulation including mosses (Proust et al., 2011) . This property, together with the very specific effects of SL deficiency in comparison to other hormones, makes the SL signaling pathway an attractive target for addressing the molecular basis of environmentally-induced adaptations in plant architecture.
Strigolactone production is affected by environmental cues
Plant morphogenesis depends on environmental inputs. Interestingly, different stresses can result into the same stress-induced morphogenic responses (SIMRs), suggesting that the same acclimation state may be reached by different, interchangeable pathways under different conditions (Potters et al., 2009 ). One possibility is that signaling events triggered by different stresses alter the levels of a given, or few, hormones and thereby, translate different environmental inputs into the same morphological effect. Indeed, one typical SIMR is the reduction of cell division in the main apical meristem and a stimulation of lateral organ growth (Potters et al., 2009 ). In these cases, different SIMRs may alter the levels of auxin or SLs. For example, nutrient availability affect the production of SLs (Fig. 1) (Xie and Yoneyama, 2010) . The best studied example is the phosphate starvation-mediated upregulation of SL biosynthesis, and the accompanying change in root system architecture Ruyter-Spira et al., 2011) . In addition, nitrogen starvation can also induce SL production in roots, as observed in sorghum (Yoneyama et al., 2007) . Based on such evidence, it has been proposed that the regulation of SL production in response to changes in environmental conditions could be a strategy of plants to minimize shoot branching under low nutrient conditions (Yoneyama et al., 2009 ). Other environmental factors may also regulate SL biosynthesis or signaling. Indeed, seedlings of the max2 mutant display enhanced hypocotyl growth, suggesting a relationship between SL signaling and shade avoidance ( Fig. 1 ) (Shen et al., 2007) .
Taken together, the SL signaling pathway is important for translating environmental input into developmental responses. This phenomenon is distributed widely and conserved among species Johnson et al., 2006; Ongaro and Leyser, 2008) . One interpretation of this conservation is that variation in SL biosynthesis and/or signaling is fundamental for the adaptation of plant architecture to different environments. Accordingly, different species or ecotypes may have altered their architecture during evolution by modulating the SL signaling pathway. This could lead to genetic variation within the pathway that, as a result, would shape (or at least strongly bias) the architecture in a certain way by default. Indeed, a mixed-model association mapping using polymorphisms found in 36 genes from different Arabidopsis accessions controlling different aspects of branching (from AM formation to axillary bud regulation) revealed MAX2 and MAX3 as being significantly associated with branching variation (Ehrenreich et al., 2007) . In this study, the only other associated gene was SUPERSHOOT (SPS1), which is involved in axillary bud outgrowth regulation by modulating the hormonal balance within the buds (Tantikanjana et al., 2001 ). These observations are in agreement with the fact that signaling of the main hormones controlling branching is influenced by environmental conditions, as described above. Thus, the genetic basis for branching plasticity might be linked to variations in hormone signaling and the respective modulation of the signaling under different environmental conditions.
4.
Secondary growth depends on lateral meristems 4.1.
Secondary growth is essential for the establishment of large plant bodies Secondary growth is the process by which most dicotyledonous plants and conifers expand their growth axes laterally. Secondary growth is a very dynamic and plastic process that, like branching, allows plants to adjust their growth to specific environmental regimes (Rowe and Speck, 2005) . Secondary growth depends on the activity of the vascular cambium, a stem-cell niche that, like axillary meristems, is a clear example of postembryonic initiation of meristematic activity (Sehr et al., 2010) . The cambium is found in a tube-like domain enclosing the center of growth axes (Agusti et al., 2011b) , where it produces secondary phloem (bast) centrifugally and secondary xylem (wood) centripetally (Larson, 1994) . These tissues are specialized for long-distance transport of water, nutrients, assimilates, and signaling molecules. Although secondary growth is most prominent in trees, it does occur in herbaceous species, including Arabidopsis (Chaffey et al., 2002) . In the primary stem of Arabidopsis, the vascular tissue is organized into several isolated vascular bundles. These consist of primary phloem and primary xylem encompassing the fascicular cambium (Fig. 2) . During secondary growth, the meristematic attributes of the fascicular cambium are extended into the interfascicular regions in a process that results in the formation of interfascicular cambium (IC) (Agusti et al., 2011b) . The IC connects the cambial tissues of neighboring vascular bundles and, in this way, a closed cylinder of meristematic tissue is established (Fig. 2) .
Environmental inputs influence secondary growth
Knowledge obtained mainly from trees makes it evident that intra-and interspecies variation exists, and suggests that this variation is a result of local adaptations and depends on environmental input (Rowe and Speck, 2005; Spicer and Groover, 2010) . For example, perennial woody species growing in temperate regions produce rings of xylem reflecting fluctuating conditions along seasons and specific conditions of the corresponding year (de Kort, 1993) . That seasonal changes in growth conditions also influence cambium activity in herbaceous species is, again, shown by studies in Arabidopsis. Treatments that stop or delay flowering lead to enhanced secondary growth (Chaffey et al., 2002) . Indeed, the late flowering double mutant suppressor of overexpression of constans (soc1) fruitful (ful) displays enhanced wood development (Melzer et al., 2008) , indicating a link between flowering time and secondary growth. Along the same lines, Sibout et al., observed a tight correlation between flowering and secondary xylem production when comparing different recombinant inbred lines (RIL) and Ara-bidopsis accessions (Sibout et al., 2008) . In addition to seasonal changes, mechanical perturbations influence cambium activity. Wind or leaning induces increased trunk diameter in trees by stimulating the production of reaction wood (tension wood in angiosperms and compression wood in gymnosperms) important for protection against mechanical damage. Reaction wood production occurs when the plant is under directional mechanical stress and thus, it usually results in asymmetric stem thickening (Du, 2007; Jacobs, 1954) . It is well established that reaction wood production is mediated by the plant hormone ethylene (Du, 2003; Love et al., 2009; Nelson, 1978; Yamamoto, 1987) . In Arabidopsis, it has been demonstrated that the application of weight to the inflorescence stem promotes secondary growth (Ko et al., 2004) . In addition, it has been hypothesized that intra-tissue tension stimulates cambium activity in a process positively regulated by the hormone jasmonic acid (Sehr et al., 2010) . Thus, like shoot branching, differential regulation of secondary growth represents a means for plants to reformulate their architecture upon environmental stimulation, representing a valuable ecological trait, and another example of phenotypic plasticity.
5.
The coordination of branching and secondary growth 5.1.
The regulation of branching and secondary growth is linked
It has been shown in a vast number of species that plant decapitation eliminating the main source of auxin, has a negative effect on secondary growth (Bjö rklund et al., 2007; Ko et al., 2004; Snow, 1935) . In addition, restoring auxin levels by applying IAA restores secondary growth. Thus, the regulation of secondary growth shares important features with the regulation of branching. A tight association of both processes is also suggested by the broad spectrum of the same or similar factors found to regulate apical and lateral meristems (Sanchez et al., 2012; Yaginuma et al., 2011) . For example, cytokinins are very important in the control of the activity of both apical and lateral meristems, playing opposite roles in SAM and RAM. A positive regulation in the SAM is evidenced by the reduction of SAM size in cytokinin-defective mutants (Werner et al., 2003; Werner and Schmü lling, 2009 ). On the other hand, these kinds of mutants display a larger RAM as well (Heyl et al., 2008; Mason et al., 2005; Miyawaki et al., 2006) . With respect to secondary meristems, it is well established that cytokinin signaling plays positive role in the regulation of lateral growth (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008) and branching (Wickson and Thymann, 1958) .
Confirming a tight interaction between branching and secondary growth, a positive role for SL signaling in the regulation of cambium activity has recently been reported (Agusti et al., 2011a) . All four Arabidopsis max mutants display reduced cambium activity in comparison to wild type, and direct application of the SL analog GR24 is able to induce secondary growth. Genetic and pharmacological analyses argue for a positive role of auxin-dependent stimulation of SL biosynthesis in cambium cells as the basis for the SL-dependent stimulation of cambium activity (Agusti et al., 2011a) . This response seems to be conserved among species, as the pea rms1-1 mutant (impaired in SL biosynthesis) displays reduced secondary growth and GR24 treatments also induce secondary growth in Eucalyptus (Agusti et al., 2011a) .
Strigolactones as central modulators of growth forms?
Taken together, both shoot branching and secondary growth are plastic processes that are highly influenced by the environment. SL signaling represses axillary bud outgrowth and induces cambium activity. Based on these observations, we have previously hypothesized that SLs are growth regulators used by plants to adjust their aerial architecture by modulating shoot branching and secondary growth in opposite directions (Agusti et al., 2011a) . Depending on environmental input, plants would exhibit either a bushier form displaying a strong outgrowth of side shoots and a weak main stem, or a form in which the main shoot dominates and displays enhanced secondary growth (Fig. 1) . The capacity to change between these growth forms may represent a significant advantage when growing in changing environmental conditions.
Overall, the regulation of branching and secondary growth, and the role of SLs as pivotal modulators, constitutes a potential example of developmental plasticity important for environment-dependent growth and achieving a fitness optimum. To what degree are both processes coordinated, and what role does SL signaling play in this coordination? If there is coordination, to what extent is it fixed genetically? Does it vary among populations? Is this a case of developmental flexibility driving genetic adaptation to specific environments?
5.3.
The analysis of natural variation as a tool for dissecting the role of morphological plasticity Analysis of natural variation in Arabidopsis thaliana represents a powerful tool with which to characterize variance among populations. To determine the genetic basis of adaptation, it is essential to associate loci with a variable trait (Fournier-Level et al., 2011) . A very straightforward approach is the use of natural strains collected from different geographical locations to identify polymorphisms using linkage disequilibrium (LD) mapping in a genome-wide context [Genome-wide association mapping (GWAS), (Atwell et al., 2010) ]. GWAS aims to link sequence polymorphisms (SNPs) to phenotypes, thereby identifying candidate genes responsible for the observed variation among populations (Trontin et al., 2011) . Applications of this method have already proved to be very effective in detecting alleles responsible for fitness traits . Recently, Fournier-Level et al. went a step further by linking SNPs to fitness-related loci to real-time adaptation using geographically diverse Arabidopsis accessions growing in four specific locations (Fournier-Level et al., 2011) . Using GWAS, the authors observed that loci associated with fitness in natural environments display geographical and climatic signatures of adaptation.
Analyses of natural variation in morphological traits have been undertaken (Ehrenreich et al., 2007; Hilscher et al., 2009; Sibout et al., 2005; Sibout et al., 2008) but their adaptive value and their degree of plasticity in different environments has not been analyzed systematically. To evaluate the role of developmental plasticity in evolution, quantitative estimations of plasticity in different strains have to be made; the molecular basis of plasticity variations have to be determined; these differences have to be correlated with the occurrence of particular strains in various environments; and their adaptive value has to be estimated. This is certainly a challenging task as various changing variables have to be measured and integrated into such an analysis. The activity of secondary meristems represents one promising avenue in this respect as meristem activity can change constantly during plant growth and such changes can be quantified at the same time. Importantly, secondary meristems are not crucial for plant growth or fertility per se. Thus, modulation of their activity is genetically accessible and, in contrast to primary apical meristems, the existence of extreme cases can be expected. In this context, it is interesting to note that dramatic differences in SL levels and shoot architecture among different rice strains have been recently reported . As soon as one appropriate environmental factor that influences the activity of several types of meristems and which can be tightly controlled under laboratory conditions has been identified, such an approach becomes feasible. Potentially, existing computational models might be exploited for visualizing the outcome of molecular variation. For example, models have described the process of bud activation and its relationship to auxin transport (Prusinkiewicz et al., 2009; Prusinkiewicz and Runions, 2012; Renton et al., 2012) . To date there is no model describing lateral growth, let alone the interaction between lateral growth and branching. However, combining natural variation data from both processes in a computational model could be useful to study the benefits of coordinated developmental flexibility.
Questions that can be addressed by following such approaches are whether there is general coordination in the AM and vascular cambium activity, and to what degree this is genetically determined and evolutionarily meaningful. Current bio-statistics techniques, such as the application of GWAS, are powerful tools that can investigate the genetics of adaptation and address the evolutionary impact of traitto-loci association. These analyses are especially powerful when applied to selfing plants like Arabidopsis thaliana, where it is possible to measure the same trait for the same genotype in distinct environmental conditions (Atwell et al., 2010) .
Thus, the application of GWAS to natural variation studies on axillary bud and cambium activities of Arabidopsis under changing environmental conditions might be an ideal system, not only to unravel important aspects of the genetic basis of plant architecture regulation, but also to approach the concept of the role of phenotypic plasticity in driving such adaptation.
